Introduction
There is significant interest in the development of efficient and viable Micro Air Vehicles (MAVs) that can perform various tasks such as surveillance, targeting, natural disaster support, chemical agent detection etc., which are nominally hazardous or inconvenient for human involvement. For many of these tasks, aerial platforms are required that have the ability to hover as well as travel long distances quickly. Therefore, there is a need to combine the advantages of fixed and rotary wing designs into a hybrid MAV design. Researchers have looked at the development of certain hybrid concepts, such as tail-sitters, tilt-rotors and tilt-wing [1] [2] [3] [4] [5] [6] . To generate sufficient control forces for the tail-sitter configuration, the control surfaces require high propwash velocities. This may lead to inefficient designs especially for lightweight MAVs. Scaling down conventional tilt-rotor vehicle designs would be prohibitive at small scales due to the mechanical complexities. In this paper, a quad rotor biplane configuration is proposed (Fig.  1) . The various operating modes from hover to forward flight are schematically shown in Fig. 2 . The advantages of this configuration are: (1) the maneuverability of a quad rotor is utilized in hover, (2) pitching moments to achieve transition is generated entirely by differential rotor thrust without the requirement of aerodynamic control surfaces. In this study, the aerodynamic performance of the wing and propeller combination will be investigated at various angles of attack during transition from hover to forward flight through a systematic series of wind tunnel tests. This is very important in determining trim variables during different stages of transition flight.
Approach

Vehicle Description
The assembled vehicle is shown in Fig. 3 . It consists of counter-rotating proprotors arranged in a conventional quad rotor configuration. The wing is constructed from polyurethane foam and has a high lift S1223 airfoil in order to decrease stall speed. The gross weight of the vehicle is 236 grams. The wing span is 26 inches and the distance between the wings is 10.7 inches. For electronics, a micro robotic automation platform (UCB's GINA) is incorporated. It consists of a microcontroller, three gyros and accelerometers, and a radio transceiver that can enable onboard computation of vehicle attitude and implementation of appropriate attitude feedback controllers.
[Type text]
Outer loop pilot control can be provided for translational positioning of the vehicle. Successful hover flight testing of the vehicle was accomplished and can be seen in Fig. 4 . was conducted and the thrust produced and mechanical power consumed was measured. From the thrust and power curve, the efficiency of each propeller was extracted and compared as a function of advance ratio. The hover (or static) performance of the propellers is compared in Fig. 6 . It can be seen that the 6X3 prop has the best hover efficiency. However, it is also important to compare the axial flow performance since the propellers will have to operate in both these modes. efficiency as a function of advance ratio for a range of propeller operating RPMs between 3000 and 7000. It can be seen that the 7X3.5 propeller has poor performance both in hover and forward flight. This can probably be attributed to the minimal twist as well as low root collective. The three bladed rotors (5X3 and 6X3) offered a best efficiency of about 0.45 at low advance ratios of about 0.4. However, the highly twisted 6X5 propeller provided the best efficiency close to 0.67 at fairly high advance ratios. Owing to this obviously superior axial flow performance and a satisfactory hover power loading of about 10-11 g/W at 60 grams operating thrust, the 6X5 propeller was chosen to be incorporated in the vehicle.
Isolated Wing Performance
Next, it was of interest to see if the chosen wing dimensions would provide adequate lift and also to determine the stall speed. For the present vehicle design, each wing would have to produce at least 120 grams of lift. The wing was mounted on a 6 component force transducer. The primary forces of concern were lift and drag. The setup is shown in Fig. 8 . The wind speed was varied from 0 to 10 m/s and the wing was tested at angles of attack from 0 to 45 degrees. For clarity, only wing lift data is shown. It can be seen from Fig. 9 that the minimum speed that can be achieved by the vehicle while still producing required wing lift is about 6 m/s. Since there are wind tunnel contraction effects at the walls of the wind tunnel, the lift forces are conservative. These will be corrected for in the paper. 
Isolated Propeller Performance in Non-Axial Flow
The propeller which is rigidly attached to the vehicle will have to operate in non-axial flow as well. This occurs during transition or when a low vehicle translational speed is required. In such cases, the propeller would not only produce forces along the direction of the wind, but also perpendicular to the wind. These forces are classified as thrust and lift respectively. This is schematically shown in Fig. 10 . In order to measure these forces, a stand that allowed for orientation of the propeller at various angles with respect to the flow was used and is shown in At lower shaft angles (for example 42 0 ), there is a uniform drop in lift, thrust and power as a function of wind speed for a given RPM (Fig. 11) . However as shaft angles increase (for example 72 0 ), the lift and power at a given RPM slightly increase. The trends in thrust remain the same. More detailed results will be provided in the full paper.
Wing-Propeller Performance in Non-Axial Flow
The next step is to investigate performance of the wing and propeller combination in non-axial flow. For this, the setup shown in Fig. 12 is used. Forces were measured in a similar manner as shown in Fig. 10 . The aspect ratio of the wing attached to the propeller in Fig. 12 was half of the one shown in Fig. 8 . The chord was maintained the same. This was chosen so as to maintain the same wing-propeller system proportion as on the complete vehicle. Fig. 13 . As expected, the lift produced by the wing-propeller increases while the net thrust decreases (due to the drag from the wing and motor body). More detailed interactional effects due to the propeller slipstream on the wing will be included in the full paper. The wing-propeller combination can be considered to be in force balance when the net thrust is zero and the net lift equal to about 0.6 N (total vehicle weight is about 2.4N). From these tests, it is possible to extract the conditions when force balance occurs. This analysis is currently in progress and will be presented in the paper.
Future Work
Hybrid micro air vehicles that utilize a combination of rotary and fixed wing qualities are of significant interest presently. In this abstract, an experimental methodology to study the performance of a wing-propeller system for application in a quad-rotor biplane was presented along with a few salient results. The following comprise future work for the full paper: 1) Extract trim conditions at each shaft angle for force balance: wind speed, propeller RPM and power requirements. 2) Detailed analysis of various results such as wing-propeller interaction effects.
3) Based on time constraints, perform a wind tunnel trim of the complete vehicle unconstrained in pitch. Extract trim conditions for force and moment balance.
